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SELECTIVE REMOVAL OF SILICA FROM
SILICA CONTAINING BRINES

RELATED APPLICATIONS

This application claims priority to U.S. Provisional Patent
Application Ser. No. 61/220,000, filed on Jun. 24, 2009,
which 1s incorporated herein by reference 1n its entirety.

BACKGROUND OF THE INVENTION

1. Technical Field of the Invention

This mnvention generally relates to the field of selectively
removing silica from silica containing solutions. More par-
ticularly, the mvention relates to methods for the selective
removal and recovery of silica and silicates from containing
brines, preferably without the removal of other 1ons from the
brines.

2. Description of the Prior Art

Geothermal brines are of particular interest for a variety of
reasons. First, geothermal brines provide a source of power
due to the fact that hot geothermal pools are stored at high
pressure underground, which when released to atmospheric
pressure, can provide a flash-steam. The flash-stream can be
used, for example, to run a power plant. Additionally, geo-
thermal brines contain useful elements, which can be recov-
ered and utilized for secondary processes. In some geother-
mal waters and brines, binary processes can be used to heat a
second tluid to provide steam for the generation of electricity
without the flashing of the geothermal brine.

It 1s known that geothermal brines can include various
metal 1ons, particularly alkali and alkaline earth metals, as
well as lead, silver and zinc, 1n varying concentrations,
depending upon the source of the brine. Recovery of these
metals 1s potentially important to the chemical and pharma-
ceutical industries. Typically, the economic recovery of met-
als from natural brines, which may vary widely in composi-
tion, depends not only on the specific concentration of desired
the desired metal, but also upon the concentrations of inter-
fering 1ons, particularly silica, calctum and magnesium,
because the presence of the interfering 1ons will increase
recovery costs as additional steps must be taken to remove the
interfering 1ons.

Silica 1s known to deposit 1n piping as scale deposits,
typically as a result of the cooling of a geothermal brine.
Frequently, geothermal brines are near saturation with respect
to the silica concentration and upon cooling, deposition
occurs because of the lower solubility at lower temperatures.
This 1s combined with the polymerization of silica and co-
precipitation with other species, particularly metals. This 1s
seen 1n geothermal power stations, and 1s particularly true for
amorphous silica/silicates. Additionally, silica 1s a known
problem 1n RO desalination plants. Thus, removal of silica
from low concentration brines may help to eliminate these
scale deposits.

Known methods for the removal of silica from geothermal
brines include the use of a geothermal brine clarnfier for the
removal and recovery of silica solids, that may be precipitated
with the use of various seed materials, or the use of com-
pounds that absorb silica, such as magnesium oxide, magne-
sium hydroxide or magnesium carbonate. In addition to aless
than complete recovery of silicon from brines, prior art meth-
ods also sufler 1n that they typically remove 1ons and com-
pounds other than just silica and silicon containing com-
pounds.

Thus, although conventional processing of ores and brines
currently employed can remove some of the silica present 1n
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2

silica containing solutions, there exists a need to develop
methods that are selective for the removal of silica from
brines and other silica containing solutions at high yields to
produce solutions having reduced silica concentrations.

SUMMARY OF THE INVENTION

Methods for the selective removal of silica from silica
containing solutions, such as geothermal brines, are provided.

In one embodiment, a method for removing silica from a
brine solution that includes silica 1s provided. The method
includes the steps of: providing a brine solution that includes
s1ilica; maintaining the pH of the brine solution at an adjusted
pH of between about 4 and 7; contacting said brine solution
with activated alumina at the adjusted pH such that silica
present in the brine solution selectively binds to the activated
alumina; and recovering an aqueous product stream from the
contacting step, wherein the aqueous product stream has a
reduced silica concentration relative to the brine solution.

In a second embodiment, a method for removing silica
from an aqueous brine solution that includes silica 1s pro-
vided. The method includes the steps of: providing an aque-
ous brine solution that includes silica and an 1ron (II) salt;
oxi1dizing the iron (I1I) salt to 1ron (I11) hydroxide; maintaining
the pH of the brine solution at between about 4.5 and 6 and
contacting the silica and the 1ron (III) hydroxide for a time
suificient for the silica to attach to the 1ron (I1I) hydroxide and
form a silica/iron precipitate; separating the silica/iron pre-
cipitate from the aqueous brine solution; and recovering an
aqueous product stream from the separation step, wherein the
aqueous product stream has a reduced silica concentration
relative to the aqueous brine solution.

In a certain embodiments, the method further includes the
steps of: maintaining the pH of the aqueous product stream at
between about 4 and 7; supplying the aqueous product stream
to a column charged with activated alumina at a pH of
between about 4 and 7 such that silica present 1n the aqueous
product stream selectively binds to the activated alumina; and
recovering a column product stream having a reduced silica
concentration relative to the aqueous product stream.

In a third embodiment, a method for removing silica from
a brine solution that includes silica 1s provided. The method
includes the steps of providing a brine solution that includes
silica; contacting the brine solution with an aqueous solution,
wherein the aqueous solution imncludes aluminum chloride to
produce a second aqueous solution, said second aqueous
solution including brine and aluminum chloride; adjusting
and maintaining the pH of the second aqueous solution such
that the pH 1s between about 4.5 and 5.5 to form an alumino-
silicate precipitate; removing the aluminosilicate precipitate
that forms from the second aqueous solution; and recovering
an aqueous product stream, said aqueous product stream hav-
ing a reduced silica concentration relative to the brine solu-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 provides a schematic drawing of one embodiment of
the mnvention.

FIG. 2 provides a schematic drawing ol another embodi-
ment of the imvention.

FIG. 3 provides a schematic drawing of another embodi-
ment of the mvention.

FIG. 4 provides a schematic drawing of another embodi-
ment of the mvention.

DETAILED DESCRIPTION OF THE INVENTION

Broadly, described herein are methods for the selective
removal of silica and silicates (typically reported as silicon
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dioxide) from solution. As used herein, the selective removal
of silica generally refers to methods to facilitate the removal
of silica from solutions, such as geothermal brines, Smack-
over brines, synthetic brines, and other brines resulting from
o1l and gas production, without the removal of other 1ons.
Broadly described, in certain embodiments, the methods
employ chemical means for the separation of silica.

As used herein, brine solution refers to a solution of alkali
and/or alkaline earth metal salt(s) 1n water, wherein the con-
centration of salts can vary from trace amounts up to the point
of saturation. Generally, brines suitable for the methods
described herein are aqueous solutions that may include
alkali metal or alkaline earth chlorides, bromides, sulfates,
hydroxides, nitrates, and the like, as well as natural brines. In
certain brines, metals may be present. Exemplary elements
present 1n the geothermal brines can include sodium, potas-
sium, calcium, magnesium, lithium, stronttum, barium, iron,
boron, silica, manganese, chlorine, zinc, aluminum, anti-
mony, chromium, cobalt, copper, lead, arsenic, mercury,
molybdenum, nickel, silver, thallium, vanadium, cesium,
rubidium, and fluorine, although 1t 1s understood that other
clements and compounds may also be present. Brines can be
obtained from natural sources, such as, Chilean brines,
Smackover brines, or Salton Sea brines, geothermal brines,
sea water, mineral brines (e.g., lithium chloride or potassium
chloride brines), alkali metal salt brines, and industrial brines,
for example, industrial brines recovered from ore leaching,
mineral dressing, and the like. The method 1s equally appli-
cable to artificially prepared brine or salt solutions.

While silica removal from geothermal power plants 1s
important as a step to reducing or preventing scale, the
removal of silica 1s useful for many other processes, such as in
the recovery of lithium from geothermal brines. Other usetul
processes are also known 1n the art. Typically, 1t 1s desired that
the silica 1s selectively removed such that the silica can be
turther refined or supplied to an associated process, without
the need for extensive purification thereot. Processes for the
removal of silica are commonly known as si1lica management.

As described herein, the selective silica recovery can
include the use of activated alumina, aluminum salts or iron
(I1I) hydroxide.

In certain embodiments, the brine or silica contaiming solu-
tion can be filtered or treated to remove solids present prior to
the selective recovery of silica.

As used herein, the simulated brine 1s prepared i1n an
attempt to simulate the brine composition of various Hudson
Ranch test wells found 1n the Salton Sea (Calif, U.S.). Gen-
erally, the simulated brine has a composition of about 260
ppm lithium, 63,000 ppm sodium, 20,100 ppm potassium,
33,000 ppm calcium, 130 ppm strontium, 700 ppm zinc, 1700
ppmiron, 450 ppm boron, 54 ppm sulfate, 3 ppm tluoride, 450
ppm ammonium 1on, 180 ppm barium, 160 ppm silicon diox-
ide, and 181,000 ppm chloride. Additional elements, such as
manganese, aluminum, antimony, chromium, cobalt, copper,
lead, arsenic, mercury, molybdenum, nickel, silver, thallium,
and vanadium, may also be present 1n the brine. It 1s under-
stood, however, that the methods described herein can be used
to remove silica from brines and other silica containing solu-
tions having silica concentrations greater than 160 ppm. In
certain embodiments, the brine or silica containing solution

can have a silica concentration of greater than about 400 ppm,
greater than 500 ppm, or greater than 600 ppm. In certain
instances, geothermal brines can have silica concentrations of
between about 400 and 600 ppm.
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Selective Silica Recovery by Precipitation with Aluminum
Salts

The addition of aluminum salts, such as AICl,, to the brine
at a pH of between about 4 and 6, result in the formation of
charged polymers, such as Al, ;O,(OH),.."*, which are highly
reactive with respect to silica, resulting 1n the formation of
amorphous aluminosilicate precipitates, which can be
removed by filtration. In certain embodiments, any silica
present in the brine will react with the positively charged
polymer to form an amorphous aluminosilicate precipitate,
thereby reducing the silica concentration of the brine. In
certain embodiments, the brine can be seeded with an alumi-
nosilicate precipitate, which allows the silica to attach to the
seed material, thereby allowing the silica and aluminum poly-
mer to be removed by conventional filtration or clarification
processes. Typically, the aluminum polymers do not react
with other components 1n the brine, such as lithium or 1ron,
and thus they stay in solution while the silica forms the
precipitate.

Silica can be selectively recovered from silica containing
solutions by contacting with aluminum salts, particularly alu-
minum halides, such as chlorides and bromides and maintain-
ing a pH of between about 4 and 6, preferably between about
4.5 and 3.5, more preferably between about 4.75 and 5.25,
and even more preferably between about 4.85 and 5.13. Gen-
erally, the brine solution, as prepared, has a measured pH of
between about 5.1 and 5.3, which 1s comparable to the brines
of the Salton Sea, which typically have a measured pH of
between about 4.9 and 5.1. Aluminum salt 1s added 1n a molar
ratio of aluminum salt to silica of at least about 0.25:1, pret-
erably at least about 0.5:1, and more preferably at least about
1:1. In certain embodiments, the aluminum salt to silica ratio
1s between about 0.5:1 and 2:1. Optionally, the solution can be
heated. In certain embodiments, the solution can be heated to
a temperature greater than about 50° C., more preferably at
least about 75° C., and even more preferably at least 90° C.
Optionally, the silica containing solution i1s seeded with
between about 0.1 and 10% by weight of an amorphous
aluminosilicate solid. In certain embodiments, the solution 1s
seeded with between about 1 and 2% by weigh of the amor-
phous aluminosilicate solid. In certain other embodiments,
the solution 1s seeded with between about 1.25 and 1.75% by
weight of the amorphous aluminosilicate solid.

The addition of, for example, aluminum chloride to an
aqueous silica solution typically lowers the pH (1.e., acidifies)
of the silica contaiming solution as the addition results 1n the
production of aluminum hydroxide and hydrochloric acid.
Typically, the pH 1s monitored during the process to maintain
at a constant pH. In certain embodiments, base (for example,
sodium hydroxide, calcium hydroxide, and the like) can be
added to the silica containing solution to maintain the pH of
the solution between about 4 and 6, between about 4.5 and
5.5, and preferably at or about 5.

In certain embodiments, the addition rate of the base 1s near
stoichiometric. In certain embodiments, the equipment can be
designed to include control equipment such that base addition
1s a controlled process based upon at least a stoichiometric
amount of base 1s added to the solution, based upon the
amount of silica and AICI; present 1in solution.

In certain embodiments, the amorphous aluminosilicate
solid for use as the seed material can be prepared 1n a labo-
ratory setting. Aluminum salt can be added to a concentrated
sodium silicate solution that may optionally be heated, neu-
tralized to a pH of between about 4 and 6 and stirred to form
a precipitate. The precipitate 1s collected, washed and dried.

Precipitation of the amorphous aluminosilicate with an
aluminum salt 1s capable of removing at least 75% of the
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s1lica present 1n the silica containing solution, preferably at
least 90%, and even more preferably at least about 95% of the
silica present 1n the silica containing solution. In certain
embodiments, precipitation of silica from a silica containing
solution with an aluminum salt results 1n a total silica con-
centration in the resulting solution of less than about 15 ppm,
preferably less than about 10 ppm and even more preferably
less than about 5 ppm.

In one embodiment, the resulting amorphous aluminosili-
cate precipitate 1s removed from the solution by filtration,
dried and recycled as seed material for subsequent precipita-
tion of silica. In other embodiments, the aluminosilicate pre-
cipitate 1s supplied to a subsequent process for recovery of
silica and/or aluminum.

In certain embodiments, contacting the silica containing,
solution with an aluminum halide at a pH of between 4 and 6
can result in the formation of a gel, which can be subsequently
separated from the remaining aqueous solution by filtration,
which can be aided by the use of a centrifuge.

In certain embodiments, precipitation occurs by adding a
seed containing solution to the brine solution, contacting the
mixture with aluminum chloride, and then contacting the
resulting mixture with a base, such as NaOH or Ca(OH),. In
other embodiments, the brine 1s contacted with AICl,, and the
resulting mixture 1s contacted with a base. In yet other
embodiments, the brine 1s contacted with AICI,, the mixture
1s then contacted with a seed containing solution, and the
resulting mixture 1s then contacted with a base. Finally, in
certain embodiments, the brine 1s first contacted with AICl,,
contacting the mixture with a base, and then contacting the
resulting mixture with a seed containing solution.

Referring now to FIG. 1, apparatus 100 for the removal of
silica from a silica containing brine i1s provided. Water 1s
provided via line 102. First water stream 102' 1s supplied to
first mixer 106, where the water 1s mixed with base 104, for
example NaOH (caustic soda) or Ca(OH), (slaked lime), to
produce aqueous base stream 108. First mixer 106 can
include any known means for mixing the base and water to
form a homogeneous stream. Second water stream 102" 1s
supplied to second mixer 112 where the water 1s combined
with flocculent 110 to produce mixed flocculent stream 114.
Exemplary flocculents include, but are not limited to, Magna-
floc 351, Nalco 9907, 9911, 9913, 8181, 7193, 81770, and the
like.

Brine 116 1s supplied to third mixer 120 where it 1s com-
bined with aluminum chlonide (AICI,) containing stream 118
to produce mixed brine stream 122. Aqueous base stream 108
1s combined with mixed brine stream 122 1n fourth mixer 124
to produce basic brine stream 126. Basic brine stream 126 1s
supplied to fifth mixer 128 where 1t 1s combined and 1nti-
mately mixed with mixed flocculent stream 114 to coagulate
at least a portion of the silica present in brine stream 116 as an
aluminosilicate solid. Mixed stream 130 comprising a low
s1lica brine and solids 1s supplied to clarifier 132 to produce
low silica brine stream 134 and slurry stream 136, which can
include aluminosilicate precipitate. Clarifer 132 can be a
settling tank or like device that can be utilized for the sepa-
ration of a liquid stream from a slurry. Slurry stream 136 can
be supplied to filter 138, which separates the slurry nto a
solid aluminosilicate precipitate, which can be removed via
solid removal line 140, and a treated brine stream 142.
Treated brine stream 142 can then be recombined with low
silica brine stream 134.

Fifth mixer 128 can include multiple stages. In a first
embodiment, fifth mixer 128 includes three reactor stages
wherein the first reactor stage includes a mixer to facilitate
intimate mixing of the brine, and the aluminum salt, to pro-
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duce a solid aluminosilicate solid. The second reactor stage
can 1nclude means for imntroducing the base, such as NaOH or
Ca(OH), to the reaction mixture. The second reactor stage
can optionally include means for determining the pH of the
solution, and control means, such as automated valves, oper-
able to control the addition of the base to the solution to
maintain a desired predetermined pH. In certain embodi-
ments, the second reactor stage can include means for adding
an aluminum salt to the solution. The third reactor stage can
include means for stabilizing the pH of the solution, and
means for supplying a buffer to the solution. In certain
embodiments, the third reactor stage can include means for
adding an aluminum salt to the solution.

Clarifier 132 can be a vessel and can include valves and
lines configured to facilitate the removal of an aluminosilicate
slurry from the bottom of the vessel and a low silica concen-
tration brine stream from a position at the midpoint or top of
the vessel. In certain embodiments, fifth mixer 128 or clarifier
132 can include a line for supplying a portion of the alumi-
nosilicate precipitate the basic brine stream 108 as seed. In
certain embodiments, fifth mixer 128 can include a line for
supplying a low silica concentration brine stream to brine
stream 116.

The mixers used herein can each separately be a series of
continuously stirred reactors. In certain embodiments, fourth
mixer 124 can include at least one pH meter, wherein the feed
of the aqueous base stream 108 and brine stream 112 are
regulated to maintain a desired pH.

Selective Silica Recovery by Precipitation with Iron

In another embodiment, silica can removed by contacting
with 1ron (III) hydroxide at a pH of between about 4.5 and 6,
preferably between about 4.75 and 3.5, more preferably
between about 4.9 and 5.8, even more preferably at a pH of
between about 5.3 and 3.5.

The synthetic brine 1s prepared having the approximate
composition provided herein for the sitmulated Hudson Ranch
test wells, and further including about 1880 ppm manganese.
In certain embodiments, the brine will have an 1ron (II) salt
present naturally. In other embodiments, an 1ron (II) salt or
iron (III) hydroxide can be added to the brine to achieve a
certain concentration of 1ron (II) salt or 1ron (I11) hydroxide
relative to the silica or silicon containing compounds present
in the brine. In certain embodiments, the molar ratio of the
iron (II) salt or ron (III) hydroxide to silica is at least 1:1,
preferably at least 4:1, more preferably at least 7:1 and even
more preferably at least 10:1.

When the 1ron 1n the brine or silica containing solution 1s
iron (II), for example 1ron (II) chloride, an oxidant 1s added to
oxidize 1ron (II) salt to iron (I11I) hydroxide. Exemplary oxi-
dants include hypohalite compounds, such as hypochlorite,
hydrogen peroxide, air, halogens, chlorine dioxide, chlorite,
chlorate, perchlorate and other analogous halogen com-
pounds, permanganate salts, chromium compounds, such as
chromic and dichromic acids, chromium trioxide, pyridinium
chlorochromate (PCC), chromate and dichromate com-
pounds, sulfoxides, persuliuric acid, nitric acid, ozone, and
the like. While 1t 1s understood that many different oxidants
can be used for the oxidation of 1ron (II) to 1ron (111), the use
of oxygen or air as the oxidant in the pH range of between 2
and 6 1s selective for the oxidation of the iron (II) salt to 1ron
(III) hydroxide, and generally does not result 1n the precipi-
tation or oxidation of other elements or compounds present in
the brine. In one preferred embodiment, the iron (II) salt 1s
oxidized to 1ron (I1I) by sparging the reaction vessel with air.
It will be recognized by those skilled 1n the art that 1ron (I11I)
hydroxide may also have a significant affinity for arsenic (111)
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and (V) oxyamons, and these anions, 1f present 1n the brine,
may be co-deposited with the silica on the 1ron (II1) hydrox-
ide.

In another embodiment, iron (III) hydroxide can be pro-
duced by adding a solution of 1ron (I1I) chloride to the brine,
which upon contact with the more neutral brine solution, will
precipitate as iron (III) hydroxide. The brine will require
subsequent neutralization with base to initiate precipitation.
In certain embodiments, 1iron (111) hydroxide can be contacted
with lime to form 1nsoluble ferric hydroxide solids, which are
adsorbed with silica.

The 1ron (III) hydroxide contacts the silica present in the
silica containing solution, thereby forming a precipitate.
Without being bound to any specific theory, 1t 1s believed that
the silica or silicon containing compound attaches to the 1ron
(III) hydroxide. In certain embodiments, the ratio of 1ron (111}
to silica 1s at least about 1:1, more preferably at least about
4:1, more preferably at least about 7:1. The reaction of the
iron (I11) hydroxide with silica 1s capable of removing at least
about 80% of the silica present, preferably at least about 90%,
and more preferably at least about 93%, and typically
depends upon the amount of 1ron (III) hydroxide present 1n
the solution.

In certain embodiments, the pH 1s momitored continually
during the reaction of iron (III) with silica and acid or base 1s
added, as needed, to maintain the pH the desired level, for
example, between about 4.9 and 5.3. In certain embodiments,
a pH of at least 5.2 1s maintained. In alternate embodiments,
a pH of between about 5.15 and about 5.3 1s maintained. In
certain embodiments, a pH sensor that 1s electromically
coupled to means for the addition of acid or base, and the pH
1s maintained at a desired pH.

In certain embodiments, the 1ron (II) salt containing solu-
tion 1s sparged with air for a period of at least about 10 min,
alternatively at least about 15 min., alternatively atleast about
20 min, and preferably at least about 30 min., followed by the
addition of a base, such as calctum oxide, calcium hydroxide,
sodium hydroxide, or the like, to achieve the desired pH for
the solution.

In certain embodiments, a flocculent can be added the brine
solution, 1n addition to the base, to facilitate the production of
larger solids for easier solid/liquid separation. In certain
embodiments, iron (III) silicate solids can be added to the
solution to 1ncrease the rate of precipitation of silicates.

Referring now to FIG. 2, apparatus 200 for the removal of
silica from a silica containing brine i1s provided. Water 1s
provided via line 102. First water stream 102' 1s supplied to
first mixer 106, where the water 1s mixed with base 104, for
example NaOH (caustic soda) or Ca(OH), (slaked lime), to
produce aqueous base stream 108. First mixer 106 can
include any known means for mixing the base and water to
form a homogeneous stream. Second water stream 102" 1s
supplied to second mixer 112 where the water 1s combined
with flocculent 110 to produce mixed flocculent stream 114.

Brine 216 1s supplied to third mixer 224 where 1t 1s com-
bined with aqueous base stream 108 and air 225 to produce
mixed brine stream 226, and 1ron-silica precipitates. Mixed
brine stream 226 1s supplied to fourth mixer 228 where 1t 1s
combined and intimately mixed with mixed flocculent stream
114 to further encourage precipitation at least a portion of the
silica present 1n brine stream 116. Mixed stream 230 com-
prising a low silica brine and solids 1s supplied to clarifier 232
to produce low silica brine stream 234 and slurry stream 236,
which can include 1ron-silica precipitates. Clarifer 232 can be
a settling tank or like device that can be utilized for the
separation of a liquid stream from a slurry. Slurry stream 236
can be supplied to filter 238, which separates the slurry into a
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solid precipitate, which can be removed via solid removal line
240, and a treated brine stream 242. Solids removed via solid
removal line 240 can optionally be separated from any
remaining liquid by centrifugation. Treated brine stream 242
can then be recombined with low silica brine stream 234.
Optionally, treated brine stream 242 can be recycled to third
mixer 224, or alternatively can be combined with brine stream
226.

Fourth mixer 228 can include multiple stages. In a first
embodiment, fourth mixer 228 includes three reactor stages
wherein the first reactor stage includes a mixer to facilitate
intimate mixing of the brine, and air. In preferred embodi-
ments, sufficient air 1s supplied to the reactor to oxidize at
least a portion of the 1ron (II) present to 1ron (I1I). The second
reactor stage can include means for introducing the base, such
as NaOH or Ca(OH), to the reaction mixture. The second
reactor stage can optionally include means for determinming,
the pH of the solution, and control means, such as automated
valves, operable to control the addition of the base to the
solution to maintain a desired predetermined pH. In certain
embodiments, the third reactor stage can include means for
adding an aluminum salt to the solution. Optionally, appara-
tus 200 can include means for supplying air to the second and
third reactor stages.

In certain embodiments, the brine 1s supplied to the first
reactor stage at a pH of about 4.9 to 5.1 and a temperature of
about 95° C. to 110° C. where it 1s contacted and sparged with
air to produce certain 1ron (III) hydroxides. Preferably, a
sparging diffuser 1s utilized to facilitate contact between the
air and 1ron (II) contained within the brine. At a temperature
of greater than about 90° C., the pH of the first reactor stage 1s
controlled such that the pH 1s at least about 2.5.

In certain embodiments, the 1n the second reactor stage, the
addition of lime with the iron (III) hydroxides entrained 1n
solution to produce iron (111) hydroxides adsorbed with silica.
The pH of the second stage of the reactor 1s maintained such
that the pH ol no greater than about 6, alternatively not greater
than about 5.4, preferably not above about 5.3, and more
preferably notabove about 5.2. Additional air can be fed to the
second reactor stage through a sparger, such as an air diffuser,
to facilitate the preparation and precipitation of 1ron (III)
hydroxides adsorbed with silica.

In certain embodiments, the third reactor stage can serve as
a bulfer tank that 1s configured to maintain the pH of the
solution at a pH of no greater than about 6, alternatively not
greater than about 5.4, preferably not greater than about 3.3,
and even more preferably at a pH of not greater than about 5.2.
Optionally, the third reactor stage can include an air sparger,
such as an air diffuser, to facilitate preparation and precipita-
tion of 1ron (III) hydroxides adsorbed with silica.

Clarifier 232 can be a vessel and can include valves and
lines configured to facilitate the removal of an 1ron-silica
slurry from the bottom of the vessel and a low silica concen-
tration brine stream from a position at the midpoint or top of
the vessel. In certain embodiments, fourth mixer 228 or clari-
fier 232 can include a line for supplying a portion of the
iron-silica precipitate the basic brine stream 108 as seed.
Alternatively, clarifier 232 can include one or more line con-
figured to deliver wron (III) hydroxide precipitate material
adsorbed with silica to one or more of the first, second, or
third reactor stages. In certain embodiments, fourth mixer
228 can include a line for supplying a low silica concentration
brine stream to basic brine stream 116.

In certain embodiments, apparatus 200 can include control
means for controlling the addition of base to third mixer 224.
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In alternate embodiments, apparatus 200 can include control
means for controlling the addition of base to the second
reactor stage.

In certain embodiments, brine stream 216 can be precon-
ditioned by sparging the brine stream with air prior to sup-
plying the brine to third mixer 224.

The mixers used herein can each separately be a series of
continuously stirred reactors. In certain embodiments, third
mixer 224 can include at least one pH meter, wherein the feed
of the aqueous base stream 108 and brine stream 112 are
regulated to maintain a desired pH.

In certain embodiments, precipitation of silica and 1ron
hydroxide can be achieved by recycling precipitate from the
clarifier 232 to reactor 224, resulting 1n an 1increase of the size
of ferrosilicate particles. Additional recycling can also be
achieved by mixing the seeds from clarifier 232 to first mixer
106, where base 104 1s mixed with some or all of the seeds to
promote the formation of a densified seed, which can then be
fed to third mixer 224. This recycling step can enhance the
quality of the precipitate by increasing density of the precipi-
tate, thus making the design of clanfier 232 smaller and
simpler. It has also surprisingly been found that despite the
precipitation of some zinc and manganese 1n vessel 106 that
on the introduction of these solids to the reaction vessel that a
minor amount of the zinc and/or manganese 1s retained 1n the
precipitate. In certain embodiments, when seeds are re-intro-
duced into third mixer 224, there 1s no or minimal net loss of
zinc and manganese that may be present 1n the brine, and the
ability of the ferrosilicate precipitate to grow and capture
s1lica 1s unimpaired.

Selective Silica Recovery with Activated Alumina

Activated alumina (y-Al,O;) 1s known as an absorbent for
silica. Specifically, activated alumina has been utilized 1n the
removal of silica from raw water, such as 1s fed to a boiler.
However, until now, activated alumina has not been used for
the removal of silica from brine solutions, wherein the
removal of the silica does not also result 1n the removal of
other 1ons or compounds. Put different, until now, methods
have not been reported for the removal of silica from brine
solutions without concurrent removal of other 1ons or com-
pounds.

Activated alumina 1s a known absorbent for organic and
inorganic compounds in nonionic, cationic and anionic
forms. Indeed, activated alumina 1s a common filter media
used 1n organic chemistry for the separation and purification
of reaction products.

Thus, 1 another embodiment of the present imvention,
silica 1s removed by contacting with activated alumina at a pH
of between about 4.5 and 7, preferably between about 4.75
and 5.75, more preferably between about 4.8 and 5.3. The
activated alumina preferably has a BET surface area of
between about 50 and 300 m*/g. In certain embodiments, the
s1lica containing solution 1s combined and stirred with acti-
vated alumina to selectively remove the silica. In alternate
embodiments, the activated alumina 1s added to the solution
and stirred to selectively remove silica and silicon containing
compounds. In certain embodiments, the pH of the solution 1s
maintained at between about 4.5 and 8.5, preferably between
about 4.75 and 3.75, and more preferably between about 4.8
and 5.3, during the step of contacting the silica with the
activated alumina. A pH meter can be used to monitor the pH
before, during and aifter the contacting step. In certain
embodiments, the pH is controlled by titrating the solution
with a strong base, such as for example sodium hydroxide. In
one exemplary embodiment, a 0.1M solution of sodium
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hydroxide 1s used to adjust the pH of the reaction, although 1t
1s understood that a base of higher or lower concentration can
be employed.

Regeneration of the activated alumina can be achieved by
first washing the alumina with a strong base, for example, a
sodium hydroxide solution of at least 0.01 M, followed by the
subsequent washing with a strong acid, for example, a hydro-
chloric acid solution of at least 0.01 M. In some embodi-
ments, regeneration 1s followed by treatment with a sodium
fluoride solution having a pH of between about 4 and 5, to
completely recover the capacity of the activated alumina.
Optionally, the column can be rinsed with water, preferably
between 1 and 5 volumes of water, prior to contacting with
sodium hydroxide.

In certain embodiments, wherein the silica containing
solution 1s contacted with the activated alumina 1n a column,
the solution exiting the column can be monitored to determine
loading of the activated alumina.

FIG. 3 shows an embodiment that incorporates removal of
silica by precipitation with AlCl;, as shown 1n FIG. 2, fol-
lowed by removal of any remaining silica by absorbance with
activated alumina. Specifically, low silica brine stream 234
can be supplied to first adsorbent column 344, which 1is
charged with activated alumina and 1s operable to remove at
least a portion of the silica present in the low silica brine
stream. Treated stream 346 1s then supplied to a second adsor-
bent column 348, which 1s similarly charged with activated
alumina and 1s operable to remove at least a portion of the
silica present in the treated stream, to produce product stream
350, which has a silica content that 1s lower than that of the
low silica brine stream 234. In embodiments wherein treated
stream 346 includes a measurable concentration of silica,
second adsorbent column 348 1s operable to produce a prod-
uct stream 350 having a lower silica concentration than that of
the treated stream.

Referring to FI1G. 4, apparatus 400 for the removal of silica
by absorbance with activated alumina 1s provided. A silica
containing solution or silica containing brine 1s supplied via
line 402 to first adsorbent column 404, which 1s charged with
activated alumina and 1s operable to remove at least a portion
ol the silica present in the brine or other solution and produce
treated stream 406 having a reduced silica content relative to
that of the stream being fed through line 402. Treated stream
406 can then be supplied to a second adsorbent column 408,
which can also be charged with an activated alumina adsor-
bent which 1s operable to remove at least a portion of the silica
present 1n treated stream 406 to produce a product stream 410
having a reduced silica content relative to the silica contaiming,
solution or silica containing brine supplied via line 402, and
in certain embodiments, relative to treated stream 406.

In certain embodiments, regenerant solution 412 can be
supplied to first adsorbent column 404. Regenerant solution
412 can be a strong base, and can be supplied to remove silica
adsorbed onto the activated alumina. Waste stream 414 1s
configured to provide means for the removal of the regenerant
solution and any silica removed from the activated alumina.
Optionally, as noted above, a strong acid can be supplied to
first adsorbent column 404 after the regenerant solution, and/
or a sodium fluoride solution can be supplied to the column.
While FIG. 4 shows that regenerant solution 412 1s supplied
at the bottom of adsorbent column 404 and flows 1n a counter-
current flow, 1t 1s understood that the regenerant solution can
also be supplied such that 1t flows in a co-current tlow.

In certain embodiments, wash water 416, such as deionized
water, can be supplied to adsorbent column 404 and a wash
water waste stream 418 can be removed from the column.
While the wash water 1s shown as being supplied 1n a co-
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current flow, 1t 1s understood that the wash water can be
supplied 1n a counter-current tlow.

In certain embodiments, apparatus 400 can include more
than two adsorbent columns. In certain methods wherein
three or more columns are included 1n the apparatus, only two
adsorbent columns are utilized at any one time. When the
activated alumina of one column begins to lose efliciency
(1.e., when silica has become adsorbed to a major portion of
the activated alumina such that the increasing amounts of
silica are not removed by the column), that column can be
removed from service and a third column can be employed.
When the column 1s removed from service, it can be regen-
erated, as described above, and returned to service when the
elliciency of the second column decreases, thereby indicating
the adsorbent 1n the second column 1s losing effectiveness. In
this manner, apparatus 400 can be run continuously as two
columns can be employed for the removal of silica while a
third column 1s regenerated.

In certain embodiments, a brine, such as a geothermal
brine, can be supplied to a process designed to remove a
significant portion of silica present in the brine as a precursor
step to the subsequent recovery of valuable metals, such as,
lithium, zinc, and manganese. Exemplary methods for the
reduction of the silica concentration include those described
herein. The remaining solution that includes a brine solution
having a reduced silica concentration can then be supplied to
an associated process that 1s designed to selectively remove
one or more metal from the remaining solution. Optionally,
the process for the removal of silica can also include the
removal of 1ron.

In certain embodiments, the remaining solution can be
supplied to a process designed to selectively remove and
recover lithium. Certain methods for the recovery are known
in the art, such as 1s described 1n U.S. Pat. Nos. 4,116,856;
4,116,858; 4,159,311, 4,221,767, 4,291,001; 4,347,327;
4,348,295, 4,348,296, 4,348,297, 4,376,100; 4,430,311;
4,461,714, 4,472,362; 4,540,509, 4,727,167, 5,389,349;
5,599,516; 6,017,500, 6,280,693; and 6,555,078. Alterna-
tively, methods can be employed utilizing a lithium aluminate
intercalate/gibbsite composite material, a resin based lithium
aluminate intercalate, and a granulated lithium aluminate
intercalate. Preferably, recovery of lithtum occurs without the
co-precipitation of other metals.

In certain embodiments, the remaining solution can be
supplied to a process designed to selectively remove and
recover at least one ol manganese and zinc. In a first embodi-
ment, the pH of the solution can be adjusted to selectively
precipitate zinc and/or manganese. Following precipitation of
zinc and/or manganese, the solids can be separated from the
solution by known filtration means.

Separation of the zinc and manganese solids can be
achieved by dissolving the solids 1n acid, followed by selec-
tive recovery of either zinc or manganese. In certain embodi-
ments, manganese can be oxidized to precipitate a manganese
solid, which can be separated by filtration. Zinc remaining 1n
solution can be recovered by electrochemical means.

Alternatively, zinc and/or manganese can be selectively
removed by extraction. In certain embodiments, zinc and
manganese can be separately recovered by individual extrac-
tions, or by double extraction. In certain embodiments, zinc
and manganese can each selectively be recovered by electro-
chemical means.

Known methods for the recovery of zinc that can be used
for recovery from brine solutions are described 1in U.S. Pat.

Nos. 5,229,003; 5,358,700; 5,441,712; and 6,458,184.
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Known methods for the recovery of manganese that can be
used for recovery from brine solutions are described in U.S.

Pat. No. 6,682,644; and U.S. Pub. Pat. App. Nos. 2003/
0226761, and 2004/0149590.

EXAMPLES

1. Selective Removal of Silica Using Aluminum
Salts

A simulated brine was prepared to simulate the brine com-
position from exemplary Salton Sea deep test wells (post
reactor crystallizer clanfier system), having an approximate
composition of 260 ppm (mg/kg) lithium, 63,000 ppm
sodium, 20,100 ppm potassium, 33,000 ppm calctum, 130
ppm strontium, 700 ppm zinc, 1700 ppm 1ron, 450 ppm
boron, 54 ppm sulfate, 3 ppm fluoride, 450 ppm ammonium
ion, 180 ppm barium, 160 ppm silica (imeasured as silicon
dioxide), and 181,000 ppm chloride. The silica was added to
the brine as acidified sodium silicate solution, with the target
ol a concentration of about 160 ppm, the anticipated value for
the Hudson Ranch test well brine, after undergoing a clarify-
ing process to partially remove silica. The pH of the simulated
brine 1s between about 3 and 4, and 1s subsequently adjusted
with sodium hydroxide or other suitable base.

Aluminum salt 1s added to a slurry that includes an amor-
phous aluminosilicate material prepared by neutralizing a
concentrated sodium silicate solution with an aluminum chlo-

ride salt. Specifically, 710 g of Na,S10,.9H,0 1s dissolved in
400 mL of distilled water. To the solution, 420 g of AICl,;.was
slowly added while stirring to produce a wet paste of precipi-
tated material. The paste was dried at 60° C. 1n an oven
overnight and washed with Milli-QQ water to remove fines to
produce a solid. The resulting solid was relatively isoluble
(relative to pure amorphous silica) and suitable for use as a
seed material for subsequent silica removal tests.

Approximately 1.6 mL of a 0.1M solution of AICI; was
added to approximately 60 mL of the simulated brine solu-
tion, which had an initial silica concentration of about 160
ppm and a pH of about 3. Approximately 1.5% by weight
(relative to the total mass) of solid amorphous aluminosilicate
was added to the solution. The AICI; was slowly added 1n an
amount equal to the molar amount of silica 1n solution to
achieve a ratio of silica to aluminum of about 1:1. The solu-
tion was heated to approximately 95° C. and stirred con-
stantly. The pH was monitored and adjusted by titrating with
sodium hydroxide or calcium hydroxide to maintain the start-
ing pH of about 5. The solution was allowed to stir for
approximately 10 min., during which time the silica and
aluminum react to selectively precipitate on the seed material,
thereby removing both aluminum and silica from the solu-
tion. The monomeric silica content (1.e., non-amorphous alu-
minosilicate content) drops to approximately 25-40 ppm
upon addition of base to maintain the pH at about 3. An
additional 5-13% of the silica present precipitated over the
next 30 min. Total silica removal for the process after 15 min.
of stirring was about 95%, resulting in a brine solution having
a silica content of approximately 10 ppm. The aluminum
concentration of the solution, after precipitation of the silica,
was between about 2-10 ppm.

2. Selective Removal of Silica Using Ferrous Iron

A simulated brine was prepared to simulate the brine com-
position ol Hudson Ranch test wells, having an approximate
composition of 252 ppm lithium, 61,900 ppm sodium, 20,400
ppm potasstum, 33,300 ppm calcium, 123 ppm strontium,
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728 ppm zinc, 1620 ppm 1ron, 201 ppm boron, 322 ppm
sulfate, 3 ppm tluoride, 201 ppm bartum, 57 ppm magnesium,
1880 ppm manganese, 136 ppm lead, 6 ppm copper, 11 ppm
arsenic, 160 ppm silicon dioxide, and 181,000 ppm chloride.
The simulated brine (1539.2 g) was sparged with air for about
60 min., during which time pH was measured. A calcium
hydroxide slurry having 20% solids by weight was added
drop wise after 60, 90 and 120 minutes (total weight of the
calcium hydroxide slurry added o1 13.5 g, 2.7 g dry basis) to

the solution. The pH was monitored throughout the reaction
and was mitially allowed to fall, and was then adjusted to a pH
of about 5 with the addition of calctum hydroxide after 60
minutes, and maintained at about a pH of 5 thereafter. The
reaction was allowed to stir while the pH was maintained at
about 5. Total reaction time was about 180 min. A white
precipitate was collected, washed and weighed, providing a
yield of about 95% recovery of silica and about 100% of 1ron.

3. Selective Removal of Silica Using Activated
Alumina

A 50 mL brine solution having approximately 180 ppm
dissolved silica was passed through a 2.5 cm diameter column
filled to a depth of 20 cm and containing approximately 0.5 g
activated alumina and about 1.2 g water. The silica preferen-
tially adsorbed onto the alumina and was removed from solu-
tion. The activated alumina had a surface area of 300 m*/g and
a grain size of 8-14 mesh (~2 mm diameter). The total bed
volume was about 102 mL. The temperature during the step of
contacting the silica contaiming brine and the activated alu-
mina was maintained between about 90 and 95° C.

The concentration of silica in the brine was monitored by
measuring monomeric silica using the molybdate colorimet-
ric method and using Atomic Absorption for total silica. Silica
values were significantly lower 1n the exit solution due to
adsorption of the silica on the activated alumina. Saturation of
the activated alumina 1n the column was indicated by a sudden
increase in silica concentration 1n the exit solution. A total
loading of about 1.8% by weight of silica (as S102) on the
activated alumina was achieved.

To regenerate the alumina for another cycle of silica
removal, the alumina was first washed with 5 bed volumes of
dilute water 1n order to remove salt solution remaining 1n the
pores. This removed only a small amount of silica from the
alumina. The alumina was then reacted with a dilute (0.1M)
sodium hydroxide solution at a temperature of 50-75° C. until
a desired amount of silica has been removed. The alumina
was then rinsed with 2-3 bed volumes of dilute acid to prepare
the surface for the next silica adsorption cycle.

4

To a brine solution comprising about 200 mg/L L1, 75,000
mg/L. Na, 24,000 mg/L K, 39,000 mg/L. Ca, 156 mg/L Sr; 834
mg/L. Zn, 539 mg/LL B, 219 mg/L. Ba, 160 mg/L. S10,, and
215,500 mg/L. Cl and maintained at about 95° C. was added
approximately 1.5% by weight aluminosilicate seed. To
approximately 39 mL of the brine solution was added 1.07
mlL of a 0.1M solution of AICI, such that the ratio of S10,: Al
was 1:1. About 0.45 mL of a 1N solution of NaOH was used
to titrate the pH of the solution to about 5. The solution was
heated and stirred for about 10 minutes to ensure complete
precipitation of the aluminosilicate.

Analysis of both the feed and the output fluids during silica
removal vyielded mixed results. Comparing the results of
molybdate blue calorimetry (MBC; usetful for quantifying
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monomeric silica) and ICP-OES vielded silica levels that
were significantly lower than mput levels (160 mg/L).

As shown 1n Table 1, the results of several methods for the
removal of silica from a brine solution were tested. Both
Ca(OH), and NaOH were 1nvestigated, as was NaOH along
with a 10% excess of AICl;. For the use of an excess of AICI,,
the additional AICl, was added approximately 2 minutes after
initiation of the reaction, and additional NaOH was titrated
into the reaction mixture to maintain a pH of about 5. Finally,
NaOH and polymerized aluminum 1n the form of aluminum
chlorohydrate (PAC) was also investigated, instead of A1Cl,,
and was prepared 1n situ by titrating NaOH 1nto AICI; until a
pH of about 4.5 was achieved. Additional base was added to
raise the pH to about 5.

Both Ca(OH), and NaOH were effective in both increasing,
the pH of the solution, and 1n removing silica, with Ca(OH),
being slightly more effective at removing silica than NaOH
and removing at least about 80% of the silica present. Pre-
cipitation of silica by contacting with an excess of AlCI,
resulted 1n the precipitation of nearly 87% of silica present.
Finally, use of the PAC resulted in the removal of about 84%
of the silica present.

3

TABLE 1
ICP MBC
% S105 % S105

remaining in % S10, remaining In % S10,
Test Condition solution removed solution removed
Ca(OH)- 17.3 R2.7 18.9 1.1
NaOH 27.9 72.1 19.8 R0.2
NaOH + 110% 16.3 3.8 13.0 R7.0
AlCI,
NaOH + PAC 16.8 83.2 15.4 84.6

5. Aluminosilicate Seed Material Preparation

To enhance silica removal, an anhydrous aluminosilicate
seed material can be added to the solution to which aluminum
salt. The amorphous aluminosilicate material can be prepared
by neutralizing a concentrated sodium silicate solution with

aluminum chloride salt. Approximately 710 grams of
Na,S10,.9H,0 was added to 400 mL of deionized water, to

which about 420 grams of AlICl,.6H,O was added, while
stirring, to produce a wet paste of precipitated material. The
precipitate was heated to 60° C. 1n a drying oven overnight.
The dried powder was washed again with deionized water to
remove fines to produce a solid material that provides a usetul
seed material for silica removal tests.

6. Silica Removal Process

Approximately 60 mL of brine containing about 160 mg/L
silica at a pH of 5 was added to 1.07 g of amorphous alumi-
nosilicate seed (~1.5 wt. % solids). Approximately 1.6 mL of
a 0.1M solution of aluminum chloride (AlICI;) was added to
the brine solution. The solution was stirred, maintained at
nominally 95° C., and the pH monitored. The pH dropped to
about 2.7 upon addition of the AIC1, solution. Approximately
13 mL of a saturated and filtered Ca(OH), solution was
added. Silica and the aluminum salt formed precipitates,
yielding a brine solution having a silica content of about 0.23
mg/ml.

As 1s understood 1n the art, not all equipment or appara-
tuses are shown 1n the figures. For example, one of skill in the
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art would recognize that various holding tanks and/or pumps
may be employed 1n the present method.

The singular forms “a”, “an” and “the” include plural ref-
erents, unless the context clearly dictates otherwise.

Optional or optionally means that the subsequently
described event or circumstances may or may not occur. The
description includes instances where the event or circum-
stance occurs and instances where i1t does not occur.

Ranges may be expressed herein as from about one par-
ticular value, and/or to about another particular value. When
such a range 1s expressed, it 1s to be understood that another
embodiment 1s from the one particular value and/or to the
other particular value, along with all combinations within
said range.

Throughout this application, where patents or publications
are referenced, the disclosures of these references i1n their
entireties are intended to be incorporated by reference into
this application, in order to more fully describe the state of the
art to which the invention pertains, except when these refer-
ence contradict the statements made herein.

As used herein, recitation of the term about and approxi-
mately with respect to a range of values should be interpreted
to include both the upper and lower end of the recited range.

Although the present mmvention has been described 1in
detail, 1t should be understood that various changes, substi-
tutions, and alterations can be made hereupon without depart-
ing from the principle and scope of the mvention. Accord-
ingly, the scope of the present invention should be determined
by the following claims and their appropriate legal equiva-
lents.

I claim:

1. A method for removing silica from an aqueous brine
solution that comprises silica, the method comprising the
steps of:

providing an aqueous brine solution that comprises silica

and an 1ron (I1I) salt;

oxidizing the 1ron (II) salt to 1ron (III) hydroxide, said

oxidizing step comprises sparging the aqueous brine
solution with air;
maintaiming the pH of the aqueous brine solution at
between about 4.5 and 5.5;

contacting the silica and the iron (I11I) hydroxide for a time
suificient for the silica to attach to the 1ron (I11I1) hydrox-
ide and form a silica/iron precipitate;

separating the silica/iron precipitate from the aqueous

brine solution;

recovering an aqueous product stream from the separation

step, said aqueous product stream having a reduced
s1lica concentration relative to the aqueous brine solu-
tion;

maintaiming the pH of the aqueous product stream at

between about 4 and 7;
supplying the aqueous product stream to a column charged
with activated alumina at a pH of between about 4 and 7
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such that silica present i the aqueous product stream
selectively binds to the activated alumina; and

recovering a column product stream having a silica con-
centration of less than about 15 ppm.

2. The method of claim 1 wherein the aqueous brine solu-
tion 1s a geothermal brine.

3. The method of claim 1 wherein the iron (II) salt 1s 1iron
(II) chlonde.

4. The method of claim 1 wherein the pH of the aqueous
brine solution 1s maintained at a predetermined pH by the
addition of base.

5. The method of claim 1 wherein the pH of the aqueous
brine solution 1s maintained at a predeteimined pH by the
addition of base selected from calcium oxide or calcium
hydroxide.

6. The method of claim 1 wherein the pH of the aqueous
brine solution 1s maintained at between about 4.75 and 5.5.

7. The method of claim 1 wherein the pH of the aqueous
brine solution 1s maintained at between about 4.9 and 3.3.

8. The method of claim 1 wherein the silica concentration
of the aqueous product stream 1s less than 20 ppm.

9. The method of claim 1 turther comprising supplying the
aqueous product stream to means for recovering at least one
metal selected from lithium, zinc and manganese from said
aqueous brine solution.

10. The method of claim 1 wherein the column product
stream has a silica concentration of less than about 10 ppm.

11. The method of claim 1 wherein the column product
stream has a silica concentration of less than about 5 ppm.

12. The method of claim 1 wherein the said oxidizing step
comprises sparging the aqueous brine solution with air for a
period of at least 10 minutes.

13. The method of claim 1 wherein the said oxidizing step
comprises sparging the aqueous brine solution with air for a
period of at least 30 minutes.

14. The method of claim 1 wherein the molar ratio of 1rron
(III) to silica 1s at least about 1:1.

15. The method of claim 1 wherein the molar ratio of 1rron
(III) to silica 1s at least about 4:1.

16. The method of claim 1 wherein the molar ratio of iron
(I1I) to silica 1s at least about 7:1.

17. The method of claim 1 further comprising adding floc-
culent to the aqueous brine solution.

18. The method of claim 1 further comprising regenerating
the column charged with activated alumina.

19. The method of claim 1 further comprising a step of
monitoring the column product stream to determine loading
of the column charged with activated alumina.

20. The method of claim 1 further comprising supplying
the agqueous product stream to at least two columns charged
with activated alumina at a pH of between about 4 and 7 such
that silica present 1n the aqueous product stream selectively
binds to the activated alumina.
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